Muscle trauma is highly morbid due to intramuscular scarring, or fibrosis, and muscle atrophy. Studies have shown that bone morphogenetic proteins (BMPs) reduce muscle atrophy. However, increased BMP signaling at muscle injury sites causes heterotopic ossification, as seen in patients with fibrodysplasia ossificans progressiva (FOP), or patients with surgically placed BMP implants for bone healing. We use a genetic mouse model of hyperactive BMP signaling to show the development of intramuscular fibrosis surrounding areas of ectopic bone following muscle injury. Rapamycin, which we have previously shown to eliminate ectopic ossification in this model, also eliminates fibrosis without reducing osteogenic differentiation, suggesting clinical value for patients with FOP and with BMP implants. Finally, we use reporter mice to show that BMP signaling is positively associated with myofiber cross-sectional area. These findings underscore an approach in which 2 therapeutics (rapamycin and BMP ligand) can offset each other, leading to an improved outcome.
Introduction
Muscle injury following trauma leads to loss of function as a result of intramuscular fibrosis and myofiber atrophy (1, 2) . Previous studies have shown that bone morphogenetic protein (BMP) signaling is positively associated with muscle size (3) (4) (5) . However, these findings have not been realized in the setting of muscle injury, owing to the robust ectopic bone that forms with local BMP delivery (6) (7) (8) (9) (10) . Clinically, this robust inflammatory response and ectopic bone is found in patients who have adverse reactions to recombinant human BMP2 (rhBMP2) implants (refs. 10-18 and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.89805DS1). Additionally, patients with fibrodysplasia ossificans progressiva (FOP) harbor a mutated version of the type I BMP receptor (T1-BMPR) ACVR1/ ALK2, which causes catastrophic heterotopic bone at sites of muscle injury (19, 20) . Therefore, a strategy to eliminate the adverse effects associated with BMP signaling at sites of muscle injury, while achieving the reduced myofiber atrophy seen with injury, would make BMP an attractive clinical option for patients with muscle trauma.
Rapamycin has previously been shown to reduce fibrosis in multiple tissue types including muscle, kidney, liver, and lungs (21) (22) (23) (24) (25) (26) (27) (28) . We have also previously shown that rapamycin eliminates ectopic bone in a genetic model of hyperactive BMP signaling (29) . However, studies have also shown that when administered in models of muscle trauma, rapamycin causes unwanted muscle atrophy (2, 30) . Therefore, a strategy to eliminate the adverse effects associated with rapamycin and loss of mammalian target of rapamycin (mTOR) at sites of muscle injury, while achieving the reduced fibrosis and pathologic mesenchymal cell presence at sites of muscle injury would make rapamycin an attractive clinical option for patients with muscle trauma.
In this study, we show that in models of local BMP delivery (ossicle) or hyperactive T1-BMPR activity (caAcvr1 fl/fl ), areas of myofiber injury and fibrosis precede formation of ectopic bone. Rapamycin reduces the fibrosis and accumulation of mesenchymal cells observed at the injury site of mutant mice, suggesting that this drug has utility in reducing muscle injury in FOP patients. Additionally, rapamycin preserves BMP signaling and osteogenic differentiation, suggesting a potential therapeutic option for patients with Muscle trauma is highly morbid due to intramuscular scarring, or fibrosis, and muscle atrophy. Studies have shown that bone morphogenetic proteins (BMPs) reduce muscle atrophy. However, increased BMP signaling at muscle injury sites causes heterotopic ossification, as seen in patients with fibrodysplasia ossificans progressiva (FOP), or patients with surgically placed BMP implants for bone healing. We use a genetic mouse model of hyperactive BMP signaling to show the development of intramuscular fibrosis surrounding areas of ectopic bone following muscle injury. Rapamycin, which we have previously shown to eliminate ectopic ossification in this model, also eliminates fibrosis without reducing osteogenic differentiation, suggesting clinical value for patients with FOP and with BMP implants. Finally, we use reporter mice to show that BMP signaling is positively associated with myofiber cross-sectional area. These findings underscore an approach in which 2 therapeutics (rapamycin and BMP ligand) can offset each other, leading to an improved outcome.
rhBMP2 implants who are at risk for muscle edema and inflammation but require preservation of the osteogenic properties of BMP. Finally, we show that increased BMP signaling improves myofiber size in the injury site of rapamycin-treated mutant mice. Taken together, these findings indicate that rapamycin and BMP may positively influence muscle healing in the setting of injury while offsetting the adverse consequences associated with each individually.
Results
Hyperactive BMP signaling causes intramuscular fibrosis in addition to ectopic bone. Ectopic bone formation in FOP is concurrent with local muscle destruction (31, 32) . However, models of intramuscular BMP injection or hyperactive T1-BMPR signaling are typically only used to study the osseous lesion (6, 7, 9) . Therefore, we first characterized the intramuscular damage present in the context of upregulated BMP signaling. Implantation of a BMP scaffold with concurrent cardiotoxin-induced (CTX-induced) muscle injury leads to robust ectopic bone (Supplemental Figure 1A) . In addition, we identified substantial myofiber damage indicated by centralized nuclei (Supplemental Figure 1B) and fibrosis (Supplemental Figure 1C) extending from the osseous lesion.
We next used a model of Cre-inducible hyperactive T1-BMPR signaling (caAcvr1 fl/fl : ACVR1 Q207D) ( Figure 1A ). This model is more consistent with the biology of FOP in which hyperactive ACVR1/ALK2 signaling drives an exaggerated response to trauma leading to ectopic bone (7) . Consistent with previous findings, we obtained ectopic osseous lesions after simultaneous injection of adenoviral Cre (Ad.cre) and CTX (Ad.cre/CTX) into the hindlimb (Supplemental Figure 2) . Intramuscular lesions formed via mineralization and eventual marrow-space development of a cartilaginous precursor, suggestive of an endochondral process (Supplemental Figure 3) . Similar to the BMP-scaffold model, these mice demonstrated intramuscular damage on the basis of centralized myofiber nuclei ( Figure 1B ) and fibrosis ( Figure 1C and Supplemental Figure 4 ) concurrent with, but separate from, the ectopic bone. Ad.cre/CTX did not cause ectopic bone or similar intramuscular damage ( Figure 1 , B and C) in littermate mice without the caAcvr1 fl/fl transgene. Quantification of picrosirius red confirmed these findings ( Figure 1D ). Analysis of RNA expression extracted from injured muscle revealed increased expression of Col1a1 transcripts, corroborating increased fibrotic deposition in caAcvr1 fl/fl mice when compared with wild type ( Figure 1E ). We next quantified mesenchymal cells contributing to fibrosis using platelet-derived growth factor receptor α (PDGFRA) as an identifying marker. Fibrotic progenitor cells have previously been shown to express PDGFRA (33) (34) (35) . Indeed, PDGFRA + cells were present, surrounding injured myofibers in both Ad.cre/CTX-treated wild-type and mutant mice ( Figure 1F ). FACS analysis confirmed that areas of overt fibrosis in Ad.cre/CTX-treated mutant mice had significantly more PDGFRA + cells ( Figure  1 , G and H). Importantly, myofiber injury and fibrosis preceded the osseous lesion, as indicated by histologic samples obtained 10 days after injury (Supplemental Figure 5 , A-I). Taken together, these findings confirm the presence of a fibrotic lesion separate from the ectopic osseous lesion in the mouse model of FOP.
Rapamycin eliminates fibrosis associated with hyperactive BMP signaling. Although current therapeutic strategies for FOP focus on eliminating the osseous lesion, patients with FOP also have evidence of intramuscular inflammation on magnetic resonance imaging (MRI) (31) . We have previously demonstrated that rapamycin eliminates ectopic bone in the Ad.cre/CTX-inducible mutant FOP mouse model. Therefore, we examined whether rapamycin similarly reduces or eliminates fibrosis in this model. Rapamycin markedly reduced myofiber injury ( Figure 2A ) and fibrosis ( Figure 2 , B and C) outside of the osseous lesions 20 days after injury. Furthermore, treatment diminished expression of Col1a1 3 days after Ad.cre/CTX injury ( Figure 2D ). These findings were confirmed 10 days after injury, corresponding to the pre-osseous lesion in untreated mice (Supplemental Figure 6 , A-F). Treatment with rapamycin also significantly reduced the presence of PDGFRA + cells in the hindlimb both 10 (Supplemental Figure 6 , G-I) and 20 (Figure 2 , E-G) days after injury. Taken together, these findings suggest that rapamycin eliminates both the ectopic osseous lesion and surrounding fibrosis experienced by patients with FOP.
Rapamycin preserves SMAD 1/5 signaling and osteogenic differentiation. Another subset of patients who may benefit from reduced muscle fibrosis and ectopic bone associated with BMP signaling are those with intramuscular BMP implants. However, in these patients, preservation of osteogenic differentiation conferred by BMP is critical. Interstitial mesenchymal cells isolated from the muscle of caAcvr1 fl/fl mice were transfected with Ad.cre or adenovirus control. As expected, Ad.cre-treated cells had significantly Figure 3C ). These findings were confirmed on the basis of whole-tissue Western blot, with preserved p-SMAD 1/5 levels after Ad.cre/CTX injury and rapamycin treatment ( Figure 3D ). Given that BMP signaling and osteogenic differentiation are preserved with rapamycin treatment, we hypothesized that the inhibitory effect of rapamycin may be due to reduced cell recruitment and exposure to Ad.cre at the injury site. Therefore, direct implantation of cells with hyperactive BMP signaling was performed to confirm their ability to form bone in vivo in rapamycin-treated mice. Wild-type mice received an injection of CTX followed by 50,000 GFP-labeled Ad.cre-treated caAcvr1 fl/fl cells 24 hours later to simulate cell recruitment ( Figure 3E ). Mice treated with rapamycin formed heterotopic ossification (HO), which was identifiable on microCT ( Figure 3F ). Histologic analysis showed that the presence of these cells corresponded with increased alizarin red staining, consistent with their contribution to ectopic bone ( Figure  3 , G and H). Taken together, these findings suggest that rapamycin does not reduce osteogenic potential conferred by BMP signaling.
Rapamycin after injury reveals improved myofiber size with hyperactive BMP signaling. Although the antiinflammatory and antifibrotic effects of rapamycin make this an enticing option to treat patients with muscle injury, studies have shown that mTOR inhibition actually has a detrimental effect on muscle size after injury (2, 30, 36) . Other studies have shown that BMP signaling has a positive effect on myofiber size and satellite cell expansion (3, 5) . Therefore, we hypothesized that a dual therapy approach with rapamycin and elevated BMP signaling would simultaneously prevent fibrosis or ectopic bone formation, while improving myofiber size. First, we found that myofibers present in Ad.cre/CTX-injured caAcvr1 fl/fl mice had increased 2 for all myofibers, 551 vs. 251 μm 2 for injured myofibers, Student's 2-tailed t test, n > 7 HPFs from 3 distinct biological samples, P < 0.05). *P < 0.05. All scale bars: 200 μm. CsA, cross-sectional area; mT, membrane-bound RFP; mG, membrane-bound GFP. Figure 7) . Green and red myofibers from wild-type reporter mice 20 days after Ad.cre/CTX injury showed similar cross-sectional areas (226 vs. 243 μm 2 , P = not significant) ( Figure  4D ). However, green myofibers from rapamycin-treated caAcvr1 fl/fl ROSA26 mTmG mice 20 days after Ad.cre/ CTX injury had over 70% increased cross-sectional area when compared with red myofibers (519 vs. 305 μm 2 , P < 0.05) ( Figure 4E ). Analysis of myofiber distribution showed a shift towards increased green myofiber cross-sectional area when compared with red myofibers ( Figure 4E ).
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Discussion
The findings from this study indicate that rapamycin can eliminate fibrosis associated with muscle injury in the setting of increased BMP signaling, as is observed in patients with FOP. Therefore, in addition to preventing ectopic bone formation (29) , rapamycin may be able to alleviate additional muscle pathology in these patients. Interestingly, these patients do exhibit evidence of muscle inflammation that precedes ectopic ossification and therefore may be preventable with rapamycin (31) .
Consistent with other studies, our findings also indicate that rapamycin preserves BMP signaling and does not reduce osteogenic differentiation (37) . Therefore, rapamycin may be a useful adjunct by reducing inflammation but preserving osteogenesis in patients who have rhBMP2 implants to improve bone healing. Rapamycin appears to reduce the presence of mesenchymal cells (PDGFRA + ) at the injury site, which may influence both the fibrotic scar and heterotopic bone together.
Finally, these findings demonstrate that in the setting of muscle injury, concomitant rapamycin with increased BMP signaling can alleviate fibrosis and simultaneously increase myofiber size. Effectively, the adverse effect of each therapy is offset by the other. Rapamycin has been shown to reduce fibrosis in several tissue types (21) (22) (23) (24) (25) (26) (27) (28) . However, in the setting of muscle injury, this comes at a cost, as mTOR/AKT signaling regulates myofiber size (2, 30) . Previous studies that shown that, while the early phases of muscle regeneration proceed with rapamycin, myofiber growth is halted (38) . Separately, BMP through type I receptor activity has been shown to positively regulate muscle size (3) (4) (5) . Previous studies have been unable to demonstrate a positive effect of BMP signaling on myofiber size after muscle injury, primarily owing to the robust formation of ectopic bone and muscle destruction that occur with local BMP delivery (6-10). Our findings suggest that a combined therapeutic approach of rapamycin with increased BMP signaling can reduce or eliminate fibrosis while improving myofiber size.
Previous studies have shown that BMP signaling improves myofiber size through SMAD 1/5-mediated activation of the mTOR/AKT pathway (37) . Despite inhibition of mTOR/AKT using rapamycin, we show that increased BMP signaling increases myofiber size, suggesting that SMAD 1/5-mediated increases in myofiber size may also occur independently of mTOR/AKT. These findings should be interpreted with caution, however, as rapamycin may not have completely eliminated mTOR/AKT signaling, especially in myofibers with elevated BMP signaling. We also found that rapamycin increases osteogenic signaling in vitro and in vivo, consistent with other reports -these findings indicate that mTOR inhibition reduces fibrosis and HO through a SMAD 1/5-independent mechanism. Ultimately, these findings suggest that increased BMP signaling alone is not responsible for muscle damage in the setting of injury, but that concomitant activation of the mTOR pathway leads to fibrosis and ectopic bone formation.
To study the effect of BMP signaling on myofiber size, we first compared the size of myofibers present in wild-type and caAcvr1 fl/fl mice 20 days after Ad.cre/CTX injury. Those myofibers that were present in the mutant mice had increased cross-sectional area when compared with wild-type mice. However, there were fewer myofibers overall at sites of injury due to the extensive damage. Having identified rapamycin as an inhibitor of fibrosis in the setting of increased BMP signaling, we next treated caAcvr1 fl/fl ROSA26 mTmG mice with rapamycin after Ad.cre/CTX injury to specifically evaluate whether the increased myofiber size associated with BMP is preserved. By comparing red and green myofibers within the same reporter mouse, we were able to control for local tissue changes caused by the Ad.cre/CTX injection. Because the red and green myofibers are in the same mouse at the same relative location within high-power fields (HPFs), we make the assumption that these myofibers are exposed to similar local conditions. That the reporter system correctly identifies green cells as having upregulated BMP signaling was verified using an assay to confirm that green cells have increased osteogenic differentiation when compared with red cells from these mice. In this comparison, green myofibers appeared to have significantly and substantially increased cross-sectional area when compared with red myofibers. We also evaluated wild-type reporter mice that had received Ad.cre/CTX and noted that green and red myofibers had similar sizes, suggesting that BMP signaling was responsible for the observed effect in mutant reporter mice. These wild-type reporter mice did not receive rapamycin because they did not show evidence of long-standing fibrosis. Overall, our findings indicate that BMP signaling may alleviate myofiber atrophy associated with injury and with rapamycin treatment, while rapamycin can eliminate fibrosis associated with injury and ectopic bone associated with BMP. Our study has some important limitations. To study the effect of BMP signaling on myofiber injury, we used a mutant reporter mouse with the floxed caAcvr1 transgene. We felt this was an appropriate system to use for several reasons including the ability to make direct comparisons within the same mouse using the reporter label, and because constitutively active ACVR1 increases phosphorylated SMAD 1/5 (7), a critical downstream mediator of BMP signaling. Furthermore, implantation of the BMP ossicle demonstrated a similar formation of ectopic bone and surrounding myofiber injury and fibrosis as observed in Ad.cre/ CTX-treated mutant mice. An additional limitation is that we were unable to assess functional metrics in these mice. This is because Ad.cre/CTX injury induces a destructive phenotype in mutant mice and therefore leads to severe functional impairment including joint contracture (7) . Therefore, it is not reasonable to directly compare rapamycin-treated and untreated mice, although visually rapamycin-treated mice appear to have unperturbed gait. It may also not be appropriate to compare the functional metrics of rapamycin-treated and untreated wild-type mice after Ad.cre/CTX treatment, owing to the overall absence of long-standing fibrosis in these mice even without rapamycin. However, previous studies have shown that increased myofiber size correlates with increased functional capacity (3). Finally, we are unable to determine whether increased myofiber size comes at the expense of satellite cell populations in our model. Previous studies, however, have indicated that BMP signaling actually prevents premature satellite cell differentiation, suggesting that this is not the case in our model (5) .
Overall, our study evaluates a synergistic approach to reducing or eliminating fibrosis after muscle injury while improving myofiber size through combined rapamycin treatment and hyperactive BMP signaling (Figure 5) . Clinically, it is feasible to systemically deliver rapamycin and locally inject BMP at sites of injury. An approach in which 2 therapies offset each other's adverse effects is insightful into a broad therapeutic strategy.
Methods
Transgenic animals. caAcvr1
fl/fl mice were donated by Yuji Mishina. caAcvr1 fl/fl ROSA26 mTmG mice were bred by crossing caAcvr1f l/fl mice with ROSA26 mTmG . Tail genomic DNA was used for genotyping to confirm mutant status for each generation of pups.
Induction of fibrosis. Transgenic and wild-type control mice were induced at similar ages with a combined injection of Ad.cre (0.7 × 10 9 PFU/injection site) and CTX (900 ng/site) (Latoxan) in a total volume of 10 μl to the hindlimb gastrocnemius muscle. Mice receiving injections were further subdivided into treatment and nontreatment groups on the basis of further therapeutic interventions (see below). Following injection, mice from each group were maintained for 5, 10, and 20 days after injury until harvest for further analysis.
Rapamycin treatment. Mice assigned to treatment groups received Ad.cre and CTX as described above followed by daily intraperitoneal injections of rapamycin (5 mg/kg) (MedKoo) up to the day of harvest. Nontreatment controls received daily intraperitoneal saline as vehicle control.
Cell injection. A second cohort of mice received an injection of CTX into the hindlimb musculature followed by direct injection of transformed caAcvr1 cells (50,000 cells in 25 μl PBS) directly into the injury site 24 hours later. Mice were treated with rapamycin or vehicle control as above and were subsequently sacrificed for further analysis.
Histologic processing. At 10 or 20 days after injury animals were euthanized for histology. At the time of euthanization, the hindlimb with musculature was sharply dissected. Samples were fixed overnight in 10% formalin at 4°C and then washed in PBS and transferred to 19% EDTA solution for 28 days at 4°C to decalcify osseous tissues. After decalcification, samples were washed and transferred to 15% sucrose for 24 hours. Following cryopreservation, samples were wiped clean of residual sucrose and cryoembedded in OCT (Tissue-Tek). All cryoembedded samples were cut to a thickness of 5 to 7 μm and mounted on positively charged slides for further histologic analysis.
Histologic analysis. Cryopreserved slides were stained with H&E to assess baseline morphology, and picrosirius red and Masson's trichrome to assess collagen content. All picrosirius red staining was conducted under standardized conditions for quantification. Briefly, 3 hindlimb specimens were collected from groups 10 and 20 days after injury. Three slides at regular intervals were stained per hindlimb specimen. Images were obtained at ×20 magnification for areas of interest defined by the inclusion of both (a) areas of damage and (b) surrounding muscle tissue. Staining intensity for picrosirius red was determined using Adobe Photoshop, using the pixel ratio of red collagen tissue to yellow tissue using RBG signature. Quantification was conducted by 3 independent, blinded participants.
Immunohistochemistry. Immunohistochemical staining was performed with the following antibodies at a 1:50 dilution: anti-PDGFRA (Santa Cruz Biotechnology, C-20) and anti-p-SMAD 1/5 (Santa Cruz Biotechnology, sc-12353). Secondary antibodies were applied that were directed against the host animal of the primary antibody. Nuclear counterstain was achieved with DNA dye DAPI (Thermo Scientific) and samples were mounted with aqueous mounting media (Sigma-Aldrich). Four hindlimb specimens were taken from mice in respective groups 10 and 20 days after injury. Slides for each specimen were stained for PDGFRA. Images were obtained at ×20 magnification for areas of interest defined by the inclusion of both (a) areas of damage and (b) surrounding muscle tissue. Eight HPFs were randomly selected for each stain. Immunofluorescence staining was regarded as positive when signal was immediately proximal to DAPI + staining. Raw numbers of positive marker signaling and all DAPI + cells were counted for each HPF selected. Relative frequency was calculated as the average of the ratio of PDG-FRA + to DAPI + cells for each slide. Quantification of muscle regeneration. Three hindlimb specimens were collected from the respective groups. For each hindlimb, 4 HPFs were randomly selected using a random number generator to quantify mean cross-sectional area of GFP + and red fluorescent protein + (RFP + ) myofibers. ImageJ (NIH) was used to quantify total cross-sectional area of all GFP + or RFP + cells. The mean was determined by dividing the cross-sectional areas by the total number of cells within the HPF.
Cell culture. Fibroblast cells were isolated from the hindlimb musculature of caAcvr1 fl/fl ROSA26 mTmG mutants. Cultures of at least 3 independent biological specimens were maintained for in vitro experiments. Cells were transfected with Ad.cre or Ad.control and sorted by FACS to purify populations of green cells from the Ad.cre-transfected wells and red cells from the Ad.control-transfected wells. Osteogenic differentiation. Transfected and untransfected populations as described above were seeded in triplicate onto 6-well plates at a density of 100,000 cells/well and onto a 12-well plate at a density of 35,000 cells/well. After 24 hours, media was changed to osteogenic differentiation media (ODM) containing DMEM, 10% fetal bovine serum, 100 g/ml ascorbic acid, 10 mM β-glycerophosphate, and 100 IU/ml penicillin/streptomycin. Early osteogenic differentiation was assessed by alkaline phosphatase (ALP) stain and quantification of ALP enzymatic activity after 7 days in ODM. Production of osteoid was measured by alizarin red staining.
In vitro rapamycin treatment. Transfected and untransfected cell populations were isolated for osteogenic differentiation as described above. These populations were then further subdivided into treated and untreated samples. All treated samples received 100 nM rapamycin added to their normal cell growth media.
Flow cytometry. Skeletal muscle of Ad.cre/CTX-injured hindlimbs from wild-type and caAcvr1
fl/fl mice with and without rapamycin treatment were harvested 20 days following initial injury under sterile conditions (n = 4-6 mice for each experimental group). Muscle tissue was mechanically disrupted and digested in a solution of collagenase type I (0.5% in HBSS) for 1 hour at 37°C. Tissue homogenate was then passed through a 70-μm strainer, and stained on ice in FACS buffer (0.5% BSA, 2 mM EDTA in Dulbecco's PBS) with anti-CD140a (eBioscience, 12-1401) and anti-mouse CD45 APC (eBioscience, 30-F11) for 1 hour. Data were acquired on a FACS ARIA II instrument (BD Biosciences) and analyzed using FlowJo software.
Quantitative PCR. Total RNA was extracted from hindlimb muscle 3 days following Ad.cre/CTX injury using an RNAeasy Kit (Qiagen) per the manufacturer's specifications. Reverse transcription was performed with 1 μg RNA using a cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time PCR was carried out using the Applied Biosystems Prism 7900HT Sequence Detection System and SYBR Green PCR Master Mix (Applied Biosystems). The PCR protocol included a 95°C denaturation (20 seconds), annealing (20 seconds), and 72°C extension (30 seconds). Detection of fluorescent product was carried out at the end of the 72°C extension period. PCR products underwent melting curve analysis, and the data were analyzed and quantified with the relative expression software tool (REST; http://www.gene-quantification.com/rest.html). Dynamic tube normalization and noise slope correction was used to remove background fluorescence. Each sample was tested in triplicate and repeated for 3 independent biologic preparations. Primers used for Col1a1 were (5′-3′) GCCAAGGCAACAGTCGCT and CTTGGTGGTTTTGTATTCGATGAC.
MicroCT. In vivo development of HO was assessed with microCT scans 20 days after injury (GE Healthcare Biosciences, using 80 kVp, 80 mA, and 1,100 ms exposure). Images were reconstructed and HO volume formation was analyzed using a calibrated imaging protocol as previously described (39) .
Microscopy. All tissue sections and fluorescently stained samples were imaged using either (a) a Zeiss LSM 510-META Laser Scanning Confocal Microscope equipped with 4 lasers: coherent Enterprise laser (UV/DAPI), argon laser (FITC/GFP), helium neon 1 laser (AF594, RFP), and helium neon 2 laser (AF647); or (b) an Olympus BX-51 upright light microscope equipped with standard DAPI, 488, and TRITC reflector cubes attached to an Olympus DP-70 high-resolution digital camera. H&E-and picrosirius-stained sections were imaged at ×10 and ×20 magnification. Immunofluorescence images were taken at either ×20 or ×40 magnification. Scale bars were placed for all images with a standard 200-μm diameter. Sites were imaged in all channels and overlaid in DPView (Olympus America) before examination in Adobe Photoshop or ImageJ.
Statistics. All statistical analyses were performed using SPSS v20 (IBM). All experiments were performed with n ≥ 3 using 2-way ANOVA or Student's 2-tailed t test. Means and SDs were calculated from numerical data, as presented in the text, figures, and figure legends. All graphs are presented as dot plots, with means indicated by horizontal bars. Error bars represent 1 SD. Asterisks are representative of statistical significance. Statistical significance was determined as a P value less than 0.05.
Study approval and animal use. Animal procedures were conducted in accordance with guidelines from the NIH Guide for the Use and Care of Laboratory Animals: Eighth Edition, and approved by the Institutional Animal Care and University Committee on the Use and Care of Animals of the University of Michigan (UCUCA PRO0005909). All animals were housed in UCUCA-supervised facilities, not to exceed 3 mice housed per cage at 72°F ± 4°F, receiving 12 hours of light exposure each day, with no diet restrictions. Young (3-to 4-week-old) mice were used for all experiments. Wild-type C57BL/6 mice were used for all experiments with nonmutant mice; caAcvr1 fl/fl ROSA26 mTmG or caAcvr1 fl/fl mice were used for all experiments with mutant mice.
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